Introduction
Water vapor (H20) is the most variable of the major molecular constituents of the atmosphere, and it plays a primary role in many aspects of atmospheric physics, including processes involved in meteorology, climate, the. Earth's radiation budget, and the global hydrological cycle.
In addition, H20 can be used as a tracer in studies of atmospheric transport and chemistry. Therefore measurements of the spatial and temporal distribution of H20 will lead to a better understanding of the various dynamic and chemical processes that occur in the atmosphere. An airborne differential absorption lidar (DIAL) can make the necessary high- 
H_O Concentration Measurement

DIAL Technique
Because many authors have already presented thorough treatments of the DIAL technique, '',_2 only an overview of the theory is reviewed here.
The DIAL procedure requires that one use high-energy, narrowlinewidth, tunable lasers to achieve accurate rangeresolved gas measurements. One laser is tuned to an absorption line of the molecular species of interest (on-line), and the other is tuned to a nearby spectral region that has little or no absorption by the gas (oft-line).
The on-line and the off-line pulsed laser beams are transmitted through the atmosphere, and a portion of the laser radiation is baekscattered by molecules and aerosols to a telescope receiver system that is colocated with the laser. The backseattered power from range R at the detector is given by
where P0 is the transmitted power, c is the velocity of light, x is the laser-pulse duration, R is the range, A is the receiver area, _l is the receiver-detector efficiency, [3(R) is the atmospheric volume backscatter coeffi-cient, cTis the absorption cross section of the molecular species of interest, n(R) is the number density profile of the gas, and k(R} is the atmospheric extinction coefficient resulting from all other attenuation processes. Provided that the on-line and the off-line transmitters are close in wavelength (A_, _< 0.1 nm), we can assume that [3,,n(R) = [3m(R) and that k,,,(R) = k,,_r(R), and we can solve Eq. (1) for the number density profile of the gas: ((r.. -(r,,_r) In P,,_r(R1)P,.,(R.,_) ' (2)
where R2 -R] is the range cell for the average gas concentration, (r,,_ -(r,,_ris the differential absorption cross section for the two wavelengths, P .... is the power received from range R for the on-line wavelength, and Pm is the power received from range R for the off-line wavelength.
One can then convert the number density profile to a volume (or mass) mixing ratio by dividing the gas number (or massl density by the ambient atmospheric number (or mass) density. and shift temperature dependences in the range 300-400 K were made. The pressure-shift coefficients in air were found to vary from line to line, and the average value was found to be -0.0170 cm-1/atm. The temperature exponent for the air broadening was found to be J dependent, with the broader lines (i.e., low-J lines) having the higher exponent.
DIAL Measurement Errors
The average exponent value was measured to be 0.67.
The temperature-dependence exponent for the line shift in air was also found to be J dependent, but it showed the opposite behavior {i.e., the high-J lines had the higher exponents). The temperature exponent for the line shifting varied between 0.4 and 1.2.
Using these laboratory measurements, we accurately determined the effective differential absorption cross section for atmospheric H20, with an absolute error of 3-6%, for more than 120 H20 absorption lines in the 720-nm region. These H20 lines have a wide range of absorption cross sections and groundstate energies that can be selected to optimize the DIAL measurement according to the various atmospheric conditions encountered during the field experiments.
Scattering-Ratio Measurement
Along with the DIAL H20 profile measurement,
The DIAL system simultaneously provides information on the atmospheric aerosol distribution. An atmospheric scattering ratio is used to quantify the distribution of aerosols in the path of the laser beam.
The scattering ratio is defined 11 as the ratio of the sum of the volume backscatter coefficients 13 for the molecular and the aerosol components of the return to the coefficient for the molecular signal only:
To determine the atmospheric scattering ratio, a measurement is first made in a clean region (_a = 0) to establish the relative molecular scattering profile. We then calculate the calibration constant by taking the ratio of the clean-region lidar return signal to the National Meteorological Center (NMC) molecular density at that location.
The calibration ratio is then used to normalize the NMC molecular density profile at any other location. This calculated molecular lidar return can be divided into the total lidar return to give the atmospheric scattering ratio.
Airborne
H20 DIAL System
In its present configuration, 9 the NASA airborne H20 The airborne H20 DIAL system consists of five major subsystems: the laser transmitters and transmission optics, the equipment for wavelength positioning and monitoring the receiver optics and detectors, the timing and control electronics, and the data-acquisition instrumentation. The laser transmitters and the transmission optics are contained, along with the wavelength-monitoring equipment, in a rigid structure that is bolted to the aircraft seat tracks.
The receiver system is also attached to this structure, and it can be mounted for either nadir or zenith operation. Three dual aircraft racks house the data-acquisition and the experiment-control electronics, the laser power supplies and heat exchangers, and the wavelength-control electronics. A fourth rack, smaller than the dual racks, holds the two color printers used for real-time data output. A schematic of the airborne H20 DIAL system in the NASA Wallops Flight Facility (WFF) Electra aircraft is shown in Fig. 1 .
Laser Transmitters
Different
laser systems are used to generate the on-line and the off-line wavelengths for the H20 Because the spectral requirements for the off-line laser are less stringent than those for the on-line laser, an Nd:YAG laser-pumped dye laser is used to generate the unabsorbed wavelength.
On-Line Laser
The alexandrite laser used as the on-line transmitter ( Fig. 2) to changes in the optical thickness of the 6talons.
The three intensity levels are digitized and sampled by a computer, and the computer creates the appropriate correction voltages, which are applied to the 6talon controllers.
Using an absorption feature of oxygen contained in a multipass cell as a reference, a long-term (= 1.5 h) laser drift of less than 0.7 pm relative to the absorption-line center was observed.
Off-Line Laser
As shown in Fig. 3 Thus the procedure implemented to optimize the alexandrite output on an H20 line is first to set the wavelength as close as possible to the selected H20 line by use of the spectrometer-OMA, with an atomic vapor lamp as a reference. Next, while observing the absorption-cell transmission on the ratiometer readout, we vary the laser wavelength by synchronously scanning the intracavity tuning elements. When the maximum absorption through the multipass cell is detected, the laser wavelength is locked on the H20 line by use of the stabilization device described above. Using the spectrometer-OMA combination, we set the off-line wavelength between 60 and 100 pm from the on-line wavelength in a region free of other absorption features. Both the spectrometer-OMA combination and the absorption cell are also used for real-time monitoring of the alexandrite spectral characteristics during flight operations.
A small portion of the output is kicked off and sent through fiber optics to the spectrometer.
Mode hops between adjacent thin _talon modes (free spectral range 180 pm) that result from a drift of the birefringent tuner or of the _talon itself can be seen on the OMA display.
A beam splitter is also placed in the beam to reflect 4% of the output into the absorption cell.
Thus any drift in wavelength that is caused by a variation in the optical path through the air-spaced _talon will be immediately detected by the ratiometer.
In addition, a shot-toshot measurement of the effective absorption cross section in the absorption cell can be recorded. Figure  5 shows the present optical configuration of the receiver system.
Receiver System
The receiver system incorporates a 36-cm-diameter Celestron model C-14 telescope with Schmidt-Cassegrain optics to collect the backscattered laser light and focus it into the detector package.
An iris placed in the telescope focal plane acts as a variable field stop for adjusting the field of view of the receiver.
The field of view is normally set at 2 mrad to contain greater than 97% of the energy in the approximately 1. 27 After it is transmitted through the filter, the laser light can be directed to two possible detector positions.
In addition, the available return power can be split between a near-field detector with low gain and a far-field detector with high gain to improve the dynamic range of the measurement74 Various filter and detector configurations were used in flight tests conducted during the field measurement campaigns, and substantial improvements were implemented between each field deployment. at the on-line wavelength. The H20 lines in a 4-nm-wavelength range can be achieved with each filter by use of angle tuning with a motorized encoder rotation stage.
Receiver Detectors
During the field deployments, a photomultiplier tube (PMT) and an avalanche photodiode (APD) were incorporated as detectors for both daytime and night- The overall flow chart for the DIAL DAS is shown in Fig. 7 . In general, all data acquisition and storage are performed by the PDP at the left in Fig. 7 D GTZERS IMATROXKE OARO1 jFEp,, 1 (PDP-1), whereas all data display and analysis are performed by the PDP at the right in Fig. 7 (PDP-2) . The JFEP-11 is housed in PDP-2 and has 256 kWords of memory, of which 128 kWords can be shared with the host computer.
The DEC RTll-SJ operating system is used for software development.
The operating system and the DIAL software are stored on and retrieved from 300-Mbyte hard disks. Also available on each PDP is a 5-1/4-in.
floppy disk drive for hard disk backup.
These floppy disks are also used for data input to the DIAL DAS from external computers.
PDP-1 acts as the master computer through which the operator communicates with PDP-2 and the JFEP.
The operator communicates with the processors through a Matrox CTM-300 smart keyboard, and input-output is echoed on a small black and white monitor.
The keyboard interfaces to PDP-1 through the console port of a four-port serial line interface (RS232).
A second port of this interface connects to PDP-2, and a third port connects to the JFEP serial line unit. This line was used extensively in the flight tests because of the ability to make high-accuracy measurements from 4 km to the surface over a broad range of meteorological conditions. The second line, with an absorption cross section of 21.6 × 10 24 cm2/molecule at 1 atm, provides approximately a factor-of-2 decrease in the optical depth over the range cell compared with the stronger line. Measurements from higher altitudes and at elevated humidity levels required that we use this weaker line, which is located at 728.8126 nm. These two H20 absorption lines were chosen for three primary reasons: In addition to providing the off-line laser return for the DIAL measurement, the dye-laser backscattered signal is also used to produce the atmospheric scattering-ratio profile.
Data Analysis
The postmission data analysis was done with a Microvax II computer. The data were first edited by rejection of shots resulting from poor laser energy or signals that were attenuated by strong near-field clouds to ensure that quality lidar return signals were used in DIAL calculations.
The on-line and the The 1991 data were further smoothed by use of a horizontal average of 6 km (= 1 min), and for the 1990 data a variable horizontal interval that ranged from 6 km near the aircraft altitude to 30 km near the ground was required for the data to retain a good S/N over the entire altitude range.
The DIAL-derived H20 number density profile was converted to a mixing ratio profile by use of a midlatitude atmospheric model, and the error bars in the profile plots correspond to the standard error of the average H20 profile.
Experimental Data
In Fig. 8 we show In Fig. 8 1 : If : ', ', ', ', ', ', ', ', ', ', ', ', ', ', ', ', ', km.
In addition, the comparison of the radiosonde and the hygrometer demonstrates good agreement between these two measurement techniques and allows us to be confident in using these instruments to verify the performance of the DIAL system. A daytime flight was conducted across a cold front on 2 April 1990 to observe the difference in the H20 structure on the wet side and on dry side of the front. In this case the weaker H_O absorption line was used because of the high levels of H20 on the warm side of the front.
Measurements The H20 cross-section data from this flight experiment indicated that the mixed layer height was limited to altitudes of 2 km and below on the dry side of the front.
However, the H20 mixing ratios approximately doubled on the warm side of the front, and the boundary-layer ceiling increased to approximately 3 km. These data show how the DIAL system can measure widely varying H._O distributions that extend across different meteorological environments.
In addition to DIAL H20 profiles, the system also measures the atmospheric scattering ratio by use of the off-line laser return signal, as described above. However, because the DIAL system usually operated in the nadir mode from an altitude of 4-5 km, it was very difficult to find an aerosol-free region for normalization.
As a result, the actual scattering ratios are somewhat higher than those that were calculated, depending on how clean the atmosphere was at the normalization altitude. On the other hand, even relative measurements of the scattering ratio can provide very useful information.
An example of a scattering-ratio profile is presented in Fig. 13 , along with the corresponding H20 plot from a flight on 16
April 1991. The scattering-ratio scale is delineated across the top of Fig. 13 . The layer at 2 km, which could be a cloud, has a peak scattering ratio of 2. A scattering ratio of 2 signifies that 50% of the return signal is due to molecular (Rayleigh) scattering and 50% is backscattered by aerosols (Mie). Because this value could be underestimated, the signal from the aerosols is probably greater than that from the molecules.
The plots shown in Fig. 13 indicate the general correlation of elevated H20 levels with regions of higher aerosol loading.
The final set of data is shown to illustrate further the superior performance and operational capabilities of the H_O DIAL system when an APD is used as the detector. Figure  14 presents two H20 mixing ratio cross sections measured during a nighttime flight on 18 April 1991.
The vertical range cell (210 m) and the horizontal averaging interval (2 min) are the same for both cross sections. Figure 14( ' IB'''I'''*I'' -7e.28 -7e.,2 -Ts.. Virginia toward a storm system located over WFF (the storm edge is at approximately 37.7°N latitude).
Of particular interest is the signifcant increase in H20 levels in the vicinity of the storm clouds, which has been observed by use of airborne in situ H20 instruments2 s For the plot shown in Fig. 14(b The plots show (a) the measured mixing ratio profiles, Ib} the mixing ratio standard deviation profiles IAPD profile adjusted for range differenceh and ic) the mixing ratio S/N profiles.
data.
Because the aircraft altitude is higher for the APD measurements, the APD standard deviation profile was adjusted to compensate for the difference in the range from the aircraft to the measurement point. It is readily evident from Fig. 15 that the S/N for the APD is higher by 50-80% above 1000 m and is comparable with the PMT S/N below this altitude.
